The first attempts to introduce computerized power spectrum analysis of the electroencephalogram (EEG) as an intraoperative anaesthesia monitoring device started approximately 30 years ago. Since that time, the effects of various anaesthetic agents, sedative and analgesic drugs on the EEG pattern have been addressed in numerous studies in human patients and different animal species. These studies revealed dose-dependent changes in the EEG power spectrum for many intravenous and volatile anaesthetics. Moreover, EEG responses evoked by surgical stimuli during relative light levels of surgical anaesthesia have been classified as 'arousal' and 'paradoxical arousal' reaction, previously referred to as 'desynchronization' and 'synchronization', respectively. Contrasting reports on the correlation between quantitative EEG (QEEG) variables derived from power spectrum analysis (i.e. spectral edge frequency, median frequency) and simultaneously recorded clinical signs such as movement and haemodynamic responses, however, limited the routine use of intraoperative EEG monitoring. In addition, the appearance of EEG burst suppression pattern and isoelectricity at clinically relevant concentrations/doses of newer general anaesthetics (i.e. isoflurane, sevoflurane, propofol) may have weakened the dose-related EEG changes previously reported. Despite these findings, the EEG power spectrum analysis may still provide valuable information during intraoperative monitoring in the individual subject. The information obtained from EEG power spectrum analysis may be further supplemented by newer EEG indices such as bispectral index and approximate entropy or other neurophysiological monitors including auditory evoked potentials or somatosensory evoked potentials.
Summary
The first attempts to introduce computerized power spectrum analysis of the electroencephalogram (EEG) as an intraoperative anaesthesia monitoring device started approximately 30 years ago. Since that time, the effects of various anaesthetic agents, sedative and analgesic drugs on the EEG pattern have been addressed in numerous studies in human patients and different animal species. These studies revealed dose-dependent changes in the EEG power spectrum for many intravenous and volatile anaesthetics. Moreover, EEG responses evoked by surgical stimuli during relative light levels of surgical anaesthesia have been classified as 'arousal' and 'paradoxical arousal' reaction, previously referred to as 'desynchronization' and 'synchronization', respectively. Contrasting reports on the correlation between quantitative EEG (QEEG) variables derived from power spectrum analysis (i.e. spectral edge frequency, median frequency) and simultaneously recorded clinical signs such as movement and haemodynamic responses, however, limited the routine use of intraoperative EEG monitoring. In addition, the appearance of EEG burst suppression pattern and isoelectricity at clinically relevant concentrations/doses of newer general anaesthetics (i.e. isoflurane, sevoflurane, propofol) may have weakened the dose-related EEG changes previously reported. Despite these findings, the EEG power spectrum analysis may still provide valuable information during intraoperative monitoring in the individual subject. The information obtained from EEG power spectrum analysis may be further supplemented by newer EEG indices such as bispectral index and approximate entropy or other neurophysiological monitors including auditory evoked potentials or somatosensory evoked potentials. Keywords Depth of anaesthesia; monitoring; electroencephalography; power spectrum analysis Unlike many clinical procedures, experimental surgeries particularly in large laboratory animal species may be associated with extremely invasive surgical techniques (i.e. lung transplantation, total artificial heart replacement) (Flecknell et al. 1989 , Weidemann et al. 1990 ), long-lasting anaesthesias for up to 24 h (Flecknell et al. 1989 , Otto et al. 1997 ) and the frequent use of muscle relaxants or a combination of these factors. Therefore, assurance of adequate surgical anaesthesia under these conditions becomes more difficult as many clinical signs traditionally used for monitoring depth of general anaesthesia may be either not available (i.e. movement response, skeletal muscle tone, eye reflexes) or unreliable (i.e. haemodynamic variables) due to the combined effects of many different drugs administered during the course of anaesthesia. Hence, the question arises, by which means adequate depth of anaesthesia can be assessed reliably and objectively?
In human anaesthesia, the move to monitoring the electroencephalogram (EEG) has been accelerated by the unacceptable risk of traumatic intraoperative awareness and by the recognition of shortcomings in the previous gold-standard monitoring of anaesthetic depth including haemodynamic signs such as blood pressure and heart rate (Rampil 2001) . With the current anaesthetic techniques, including muscle relaxants and opioids, periods of intraoperative awareness are unlikely to be heralded by changes in haemodynamic variables, while otherwise a lack of response to surgical incision does not guarantee amnesia or the lack of conscious awareness of intraoperative pain in the individual patient (Rosen & Lunn 1987 , Sandin et al. 2000 . For these purposes, the EEG has been the most widely evaluated neurophysiological tool used to assess the depth of anaesthesia (Glass et al. 1997) . One of the primary intentions of a quantitative evaluation of the depth of anaesthesia by means of processed EEG variables was to titrate anaesthetic agents in order to avoid drug overdose, prevent intraoperative awareness, and to provide the anaesthesiologists with automatic feedback systems for drug adjustment (Gué rit 1998). The same intentions can be applied to general anaesthesia in animals particularly for circumstances existing during the aforementioned experimental surgical conditions.
Definitions of general anaesthesia
Very recently, general anaesthesia in human beings has been defined as a drug-induced loss of consciousness (LOC) during which patients are not arousable, even by painful stimulation (American Society of Anesthesiologists 2006). Previously published desired components of general anaesthesia also include analgesia, lack of movement to noxious stimulation, immobility, muscle relaxation and cardiovascular stability, meaning the ablation of heart rate and blood pressure responses to noxious stimulation (Steffey 1983 , Antognini & Berg 1995 , De Beer et al. 1996 .
'Consciousness' is a state in which a patient is able to process information from his or her surroundings and is assessed by observing a patient's purposeful response to various stimuli (American Society of Anesthesiologists 2006). LOC is a threshold or all-or-non phenomenon (Prys-Roberts 1987) and has been defined as the loss of awareness of surrounding and alertness to events in human patients (Kearse et al. 1998) .
The primary endpoints used in humans to determine the threshold for LOC during induction of anaesthesia include the patient's inability to respond to non-noxious stimuli such as (i) cessation of counting (Campagna et al. 2003) ; (ii) loss of response to verbal command (Dunnet et al. 1994) ; (iii) suppression of the eyelash reflex (Forrest et al. 1994 , Gugino et al. 2004 ); (iv) calling out one's name (Glass et al. 1997); (v) uninhibited release in a handheld object (Kearse et al. 1998); or (vi) light tapping on the shoulder or light shaking (Kodaka et al. 2005) . In addition, up to 1.3 times the minimum alveolar concentration (MAC) of halogenated volatile anaesthetics supplemented with opioids and nitrous oxide have been recommended for suppression of awareness during anaesthesia in humans (Sandin et al. 2000) . Return of consciousness, on the other hand, is indicated by eye opening in response to verbal commands (Gugino et al. 2004) .
EEG recordings during anaesthesia induction revealed an increase in fast, highfrequency oscillations of voltage waves in frontal regions, spreading to more posterior regions with increased sedation and onset of unconsciousness (John & Prichep 2005) . Conversely, slow low-frequency waves appeared in posterior regions and migrated forward. A comprehensive explanation of the mechanism by which anaesthetics cause LOC has not yet been developed (John & Prichep 2005) . The anaesthetic dose required to suppress consciousness exceeds the amnestic dose but is substantially less than that required for surgical immobility (Chortkoff et al. 1995a ,b, Antognini & Carstens 1999 , American Society of Anesthesiologists 2006 . 'Depth of anaesthesia' or 'depth of hypnosis' refers to a continuum of progressive central nervous system (CNS) depression and decreased responsiveness to stimulation (American Society of Anesthesiologists 2006). Administration of anaesthetics can produce a wide range of hypnotic depths, from mild inattention to unresponsiveness to noxious stimuli (Campagna et al. 2003) . There are various functional definitions for the term 'hypnosis', i.e. drug-induced impairment of cognitive functions required for responding appropriately to environmental stimuli, including attention and perception.
Sometimes, the term 'sedation' is used as a synonym for 'hypnosis' and describes a state of drug-induced hypnosis with anxiolysis, diminished motor activity and decreased arousal (Campagna et al. 2003) .
'Amnesia' is defined as the absence of recall (American Society of Anesthesiologists 2006) or the partial or complete loss of memory (Campagna et al. 2003) . Both hypnosis and amnesia are considered to have supraspinal anaesthetic effects (Eger et al. 1997) .
'Immobility' is another essential goal of general anaesthesia (Antognini & Carstens 2005) . The achievement of this anaesthetic endpoint was used almost 40 years ago to develop a standard of anaesthetic potency (Eger et al. 1965) . The authors defined the MAC of inhalant anaesthetics as the concentration that prevents gross purposeful movement in 50% of subjects when a supramaximal noxious stimulus is applied, e.g. clamping the tail of an animal. Subsequent experimental studies in rats revealed that MAC represents primarily the level of depression of a spinal antinociceptive reflex as it is independent of forebrain structures (Rampil et al. 1993 ) and remains unaltered after spinal transection (Rampil 1994) .
MAC-BAR (Blockade of Autonomic Responses) is the MAC that blocks changes in heart rate, blood pressure, pupil diameter and/or plasma catecholamine concentrations in 50% of subjects when a supramaximal noxious stimulus is applied (Roizen et al. 1981) . The ratio of MAC-BAR/MAC for isoflurane in goats is approximately 2.8 (Antognini & Berg 1995) and for halothane in humans is approximately 1.45 (Roizen et al. 1981) .
Finally, MAC-awake is the MAC in humans that abolishes responsiveness to verbal commands. MAC-awake coincides with the anaesthetic concentration that prevents learning and memory and thus presents the endpoint for amnesia (Chortkoff et al. 1995b) . Like the loss of righting reflexes in an animal with an inability to return from its back to an upright position, MAC-awake measures responses to non-noxious stimuli. Therefore, a close relation between MAC-awake and loss of righting reflexes has been suggested (Campagna et al. 2003) .
Limitations of the MAC concept include its 'all-or-none' and subjective nature. Determination of MAC is subjective because it requires the investigator to state that the animal (or human) either did or did not display 'gross and purposeful movement' (Antognini & Carstens 2005) .
Effects of general anaesthesia on sensory processing
For many injectable and inhalational anaesthetics, the proposed mechanism of action is to impede with the transfer of somatosensory information at synaptic sites located in the brainstem (Eger et al. 1971) , thalamus (Angel 1993) and cerebral cortical (Berg-Johnsen & Langmoen 1987 , Angel 1993 . Anaestheticinduced CNS depression is associated with: (i) loss of conscious experience and decrease in the amount of information which reaches the cerebral mantle; (ii) loss of memory; (iii) changes in spontaneous activity recorded from the scalp (EEG); (iv) loss of volitional control of the skeletal musculature; (v) attenuation of protective reflexes (reflex withdrawal, cough, gag reflexes); (vi) loss of postural reflexes; (vii) wide ranging changes in cardiovascular and respiratory performance (Angel 1993).
In addition to their direct cortical and subcortical effects, anaesthetics can exert their effects on brain function (i.e. amnesia, unconsciousness), also indirectly by impeding with the centripetal transfer of somatosensory information at the level of the spinal cord (Angel 1993 , Kendig 1993 , Steriade 1996 . This assumption is supported by the fact that lumbar intrathecal administration of bupivacaine can reduce the hypnotic requirements for thiopental in rats by approximately 39% (Eappen & Kissin 1998) . Moreover, recent evidence suggests that other anaesthetic endpoints such as suppression of movement (Antognini & Schwartz 1993 , Rampil et al. 1993 , Rampil 1994 and haemodynamic responses (Antognini & Berg 1995) to noxious stimulation, at least in part, results from direct anaesthetic actions in the spinal cord. Previous data indicate that inhalant anaesthetics including halothane, enflurane, isoflurane, sevoflurane and desflurane may cause immobility by different spinal mechanisms such as diminishing a-motoneuron excitability as indicated by an F-wave depression (King & Rampil 1994 , Rampil & King 1996 , Antognini et al. 1999 ) and/or a reduction in dorsal horn spontaneous activity (Jinks et al. 2004) . Further evidence for a spinally mediated suppression of movement response to noxious stimulation is provided by the facts that neither acute precollicular decerebration (Rampil et al. 1993 ) nor high thoracic spinal cord transection (Rampil 1994) altered the nature of the motor responses of isoflurane-anaesthetized rats after tail-clamping.
Data obtained during selective delivery of isoflurane to either the head or the torso in anaesthetized goats further suggest that cardiovascular responses to noxious stimuli that are generated in the spinal cord, can be suppressed by isoflurane's action on the spinal cord while its action on the brain may have little effect on changes in arterial blood pressure (Antognini & Berg 1995) .
General anaesthesia can therefore be understood to be the result of heterogenous actions at specific anatomical sites within the CNS (Rampil 2001) . Peripheral anaesthetic action, on the other hand, such as suppression of nociceptor function or alteration of axonal transmission, seems to be of little importance for the magnitude of movement response to noxious stimuli (Antognini & Kien 1995).
The electroencephalogram
The traditional EEG is defined as a timedomain recording of spontaneous electrical signals formed by the summation of the activity of millions of neurons in the cerebral cortex (Tooley et al. 1984 , Gugino et al. 2004 ). The activity is produced from excitatory and inhibitory post-synaptic potentials in large pyramidal neurons located in the lower layers (e.g. layer V) of the cerebral cortex (Prince & Shanzer 1966 , Tooley et al. 1984 , Rampil 1998 . Measures of the electrical signal such as amplitude and frequency are modulated by afferent inputs transmitted from sensory-specific thalamic nuclei serving as gates between receptors and the cortex and by 'epicentres' within cortical areas (John & Prichep 2005) . The EEG frequency bands frequently applied for monitoring depth of anaesthesia are the delta (d) (0 -4 Hz), theta (u) (4 -8 Hz), alpha (a) (8-13 Hz) and beta (b) (13 -30 Hz) bands (Kaieda et al. 1989 , Schwender et al. 1996 .
The normal EEG in a relaxed awake human individual with the eyes closed is characterized by rhythmic a activity with greatest amplitude in the posterior region (Tinker et al. 1977 , Kishimoto et al. 1995 , Gugino et al. 2001 . Alpha activity arises from the interaction between populations of neurons in the thalamus and in certain areas of the cortex (John & Prichep 2005) . Pacemaker neurons distributed throughout the thalamic regions oscillate in the a frequency range, regulating and synchronizing the excitability of the cells in the thalamocortical pathways (John & Prichep 2005) . This modulation is further distributed throughout the cortex by cortico -cortical interactions (Gugino et al. 2004 , John & Prichep 2005 .
The EEG frequency content may be modulated by three main types of neurons located in the thalamic nuclei. These include the thalamocortical relay nuclei (TCR) projecting to the cortex, reticular nucleus neurons (RE) interacting synaptically with the TCR cells and local intrinsic neurons (Gugino et al. 2004 , John & Prichep 2005 . By GABAergic (g-amino butyric acid) action, RE neurons can inhibit thalamic pacemaker neurons and thereby slowing their rhythms (Hughes & John 1999 , Gugino et al. 2004 , John & Prichep 2005 . These inhibitory influences act to hyperpolarize the pacemakers and diminish sensory throughput from the TCR neurons to the cortical receiving areas, thereby slowing the mean frequency of the oscillators and shifting the a rhythm toward the u rhythm (Hughes & John 1999 , John & Prichep 2005 .
Further nucleus reticularis hyperpolarization of TCR neurons (Edmonds & Paloheimo 1985 , Hughes & John 1999 , Gugino et al. 2004 ) together with the diminished activation of the cortex by the ascending reticular activating system (ARAS) (John & Prichep 2005) results in an unmasking of d oscillator neurons in the thalamus and deep cortical layers and leads to production of a very slow d rhythm. In the awake state, d oscillators are normally inhibited by the ARAS (Hughes & John 1999) and consciousness is maintained by a circulating activity flow among ARAS, intralaminar nuclei and the cortex (John & Prichep 2005) .
The brainstem reticular formation was denoted as the ARAS (John & Prichep 2005) . The ARAS receives inputs via collaterals from sensory pathways (John & Prichep 2005) . Activation of this system by incoming stimuli causes the brainstem reticular formation to inhibit the nucleus reticularis, opposing the GABAergic inhibitory action of nucleus reticularis by acetylcholine and releases its inhibitory actions on the thalamus (John & Prichep 2005) . The thalamic gates are now opened and afferent inputs are transmitted from the sensory-specific thalamic nuclei via the projection pathways to axosomatic synapses of pyramidal neurons predominantly in the lower layers of the cortex (Layer V). Therefore, strong activation by ARAS results in cortical 'arousal' referring to desynchronization of the a oscillators with appearance of faster rhythms in the b frequency range (Hughes & John 1999 , John 2001 . Early experimental studies in awake and anaesthetized cats revealed that direct electrical stimulation of the brainstem reticular formation resulted in the transition from sleep to wakefulness as indicated by a shift in the EEG pattern from high-voltage slow wave to low-voltage fast wave activity, so-called physiological arousal reaction or desynchronization (Moruzzi & Magoun 1949 , Prince & Shanzer 1966 , Kaada et al. 1967 .
Power spectrum analysis of the electroencephalogram
Time-domain recordings of the EEG will deliver an enormous amount of data and requires additional trained personal for continuous EEG signal analysis (Fleming & Smith 1979) . In order to decrease the amount of data, computer-processed EEG analysis such as the power spectrum analysis has been employed for a more practical approach to intraoperative EEG monitoring (Myers et al. 1973 , Levy et al. 1980 , Rampil et al. 1980 ). The first step in the process of power spectrum analysis consists of digitizing the primary ('raw') EEG signal at frequent intervals for a certain period of time (e.g. 2-16 s) known as an 'epoch' (Myers et al. 1973 , Levy et al. 1980 . For example, an analogueto-digital (A/D) signal transformation can be performed at a rate of 64 transformations per second, yielding a 256 sample point A/D conversion during a 4 s epoch of data entry (Myers et al. 1973 ). Next, the data of one epoch are subjected to Fast Fourier Transform (FFT). FFT separates the EEG epochs into a number of component sinusoidal (sine and cosine) waveforms across the entire frequency range (i.e. 0.5 -45 Hz), each having a calculated amplitude, frequency and phase whose sum is the original waveform (Levy et al. 1980 , Pichlmayr et al. 1983 , John & Prichep 2005 . The numerical value of an EEG signal recorded for a certain time series (t) (epoch) can be calculated from the amplitude (a i ) at each frequency ( f i ) in the original EEG tracing based on the following formula (John Prichep 2005) :
The analysis of successive epochs is repeated continuously with no loss in primary data while the resulting spectra are plotted sequentially along the Y-axis (Myers et al. 1973) . The speed of data processing allows a continuous, minute-by-minute assessment of the depth of anaesthesia (Levy et al. 1980 , Walter 1987 . By convention, the term 'power' has been used as a measure of amplitude reflecting the origins of Fourier analysis in radio-engineering (Levy et al. 1980 , John & Prichep 2005 .
In order to summarize the most relevant information about a particular EEG sample, quantitative measures derived from power spectrum analysis have been devised (Kiyama & Takeda 1997) . These QEEG variables include EEG median frequency (MF; 50% quantile) (Schwilden & Stoeckel 1980 , Otto et al. 1996 , spectral edge frequency (SEF) as the 80% (White & Boyle 1989 , Otto & Short 1991 , 90% (Schwender et al. 1998) or 95% quantile (Hudson et al. 1983 , Johnson et al. 1994 , total power (mV 2 ) (Schwender et al. 1996 , Haga et al. 2000 , percentage distribution of total power (relative power) into the d, u, a and b frequency bands (De Beer et al. 1996 , Otto et al. 1996 and power band ratios u/d, a/d, b/d (Schwilden & Stoeckel 1980 , Haga et al. 2001 ) derived from relative power. Reliable correlations between QEEG variables and clinical signs demonstrate that certain aspects of brain electrical activity are sensitive to the level of consciousness. They provide practical clinical evidence that consciousness is a neurobiological phenomenon that can be objectively quantified, so that depth of anaesthesia can be analysed reliably using electrophysiological variables. These variables, however, provide relatively little insight into the underlying physiology of anaesthesia or the brain mechanisms mediating consciousness (John & Prichep 2005) .
Another variable frequently used for QEEG analysis is the burst suppression ratio (BSR). EEG burst suppression pattern has been defined as an intermittent electrical activity interspersed with silence or as a nearcomplete depression of cortical electrical activity, which indicates a non-specific (e.g. trauma, drugs, hypothermia) reduction in cerebral metabolic activity (Dwyer et al. 1994 , Rampil 1998 ). The BSR has been calculated as the percentage of isoelectric periods occurring over a certain period of time (e.g. 63 s) (Detsch et al. 2000) . In addition, application of a burst-compensated SEF 95% (BcSEF) has been reported as well which was calculated offline as BcSEF ¼ SEF Â (1 2 BSR/100) (Detsch et al. 2000) .
The most attractive form of display for the calculated power spectrum during anaesthesia is the compressed spectral array (CSA), where the component power is plotted as a function of frequency (mV 2 /Hz) for each analysed epoch (Myers et al. 1973 , Levy et al. 1980 , Tooley et al. 1984 . The squared amplitudes are plotted as a histogram and then smoothed to assist in its readability. The analysis process of epochs is repeated continuously with no loss in primary data while the resulting power spectra are plotted sequentially along the Y-axis and the frequency range along the X-axis (Myers et al. 1973) . This plotting of relative power vs. frequency for each epoch produces a threedimensional graph in which there appears to be 'hills' at those frequencies making large contribution to the EEG, and 'valleys' at frequencies that contain less power (Figures 1-3) . Power spectrum analysis and subsequent display of data in the CSA format provide a simplified identification of small changes in a complex EEG (Levy et al. 1980 ).
Anaesthetic effects on the electroencephalogram
In the anaesthetized subject, depression of thalamic gates together with diminished activation of the cortex by the ARAS will be indicated by a progressive slowing of the EEG in which the underlying electrical signal will change from low-voltage fast-wave to high-voltage slow-wave pattern. A dosedependent change in EEG activity along with an increase in anaesthetic depth was clearly demonstrated for many anaesthetics including thiopental (Kiersey et al. 1951 ) and isoflurane (Eger et al. 1971) . In both studies, increasing doses of the anaesthetic resulted in an increase in EEG amplitude concomitant with a decrease in frequency of the EEG signal. A further increase in cerebrocortical depression was first indicated by the appearance of burst suppressions followed by a complete loss of electrical discharge ('isoelectricity'). As soon as the dose of the anaesthetic agent was reduced, the EEG pattern reversed and lighter levels of anaesthesia were indicated by a decrease in amplitude and an increase in frequency.
When QEEG variables are applied, anaesthetic-related EEG slowing is associated with an increase in total power, an increase in relative power in the d and u frequency bands concomitant with a decrease in a and b power, and a decrease in both MF and SEF. These effects on the EEG pattern have been demonstrated in human patients and animals for a variety of anaesthetic agents including thiopental (Hudson et al. 1983 ), etomidate (Schwilden & Stoeckel 1980) , propofol (Schwilden et al. 1989 , Bergamasco et al. 2003 , halothane (Pichlmayr & Lips 1980 , Otto & Short 1991 , enflurane (Schwilden & Stoeckel 1980) , isoflurane (Schwender et al. 1996) , sevoflurane and desflurane (Schwender et al. 1998) , respectively. A reduction in anaesthetic concentration will reverse EEG slowing. Figure 1 Two-channel electroencephalogram (EEG) recording (compressed spectral array format) during stifle surgery in a halothane-anaesthetized sheep. The arrow (e) indicates a shift in EEG power towards the higher frequency ranges that appeared after the halothane vaporizer setting was decreased from 2.0% to 1.5% in oxygen Figure 2 Two-channel electroencephalogram recording (compressed spectral array format) in a dog anaesthetized with 1.9% end-tidal concentration of isoflurane in oxygen. (1) One-minute baseline recording;
(2) One-minute stimulation; full-ratchet clamping (armed pé an forceps) applied to the interdigital skin of a rear leg; (3) One-minute post-stimulation period. Heart rate and mean arterial blood pressure increased from 68 beats per minute (bpm) and 67.5 mmHg (1) to 136 bpm and 125 mmHg (2) and decreased to 87 bpm and 115 mmHg (3)
, respectively
Changes from deeper to lighter levels of anaesthetic depth will be indicated by a shift in EEG power from the lower (d, u) to the higher (a, b) frequency range and by a numerical increase in MF and SEF. This shift in EEG frequency will be presented most obviously in the CSA format ( Figure 1) .
Differences in the effects of anaesthetic agents on the electroencephalogram
Previous studies in dogs revealed that EEG isoelectricity could be achieved at end-tidal isoflurane concentration of 3.0% (Newberg et al. 1983 ), while 9.1% of end-tidal halothane concentration will be required for complete suppression of EEG activity (Michenfelder & Theye 1975 ). These concentrations are equivalent to approximately 2.3 times the MAC of isoflurane and 10.5 times MAC of halothane in dogs, respectively (Steffey et al. 1975 , Steffey & Howland Jr 1977 . The differential effects between isoflurane and halothane, indicating a more pronounced depression in cortical discharge by isoflurane than by halothane, have also been reported in other animal species. Equine studies revealed that at similar levels of anaesthetic depth, determined either by clinical signs or by MAC multiples, values for SEF, MF and b/d ratio were lower and total amplitude was higher in horses anaesthetized with isoflurane compared with halothane anaesthesia (Otto & Short 1991 , Johnson & Taylor 1998 . In rats, a comparison between halothane and isoflurane at four equivalent MAC values also revealed significant lower MF values and the occurrence of burst suppression in the isoflurane-anaesthetized rats (Antunes et al. These results suggest that some anaesthetic agents such as thiopental (Kiersey et al. 1951 ), isoflurane (Eger et al. 1971 or propofol (Antunes et al. 2003b) cause more pronounced EEG suppression even at clinically relevant concentrations, while others (i.e. halothane) (Michenfelder & Theye 1975) may not. In addition, the pronounced depression of cerebrocortical electrical activity exerted by isoflurane and propofol may also be associated with a loss of dosedependency in EEG changes in the higher concentration range (Rampil & Laster 1992 , Antunes et al. 2003a .
Another important aspect for intraoperative EEG monitoring is the point of LOC that has been defined for different anaesthetic agents. Forrest et al. (1994) suggested that MF values smaller than 6.8 Hz are good predictors for unconsciousness in patients anaesthetized with propofol, while Schwilden and Stoeckel (1987) reported unconsciousness for MF values of ,5 Hz for isoflurane anaesthesia. However, MF threshold values for propofol were obtained from patients during stable maintenance of anaesthesia with propofol alone and not subjected to surgical stimuli, while data for isoflurane were recorded during intraoperative anaesthesia which, at least in part, may have contributed to the differences in MF.
Contrasting results were found for the effects of opioid analgesics on the EEG pattern. Increasing serum concentrations of fentanyl, alfentanil or sufentanil were associated with progressive EEG slowing and a decrease in SEF in human patients (Scott et al. 1985 (Scott et al. , 1991 . Similarly, intraoperative EEG monitoring during halothane anaesthesia revealed lower MF values and u/d ratios in sheep pre-treated with buprenorphine compared with those not treated with buprenorphine (Otto et al. 2000) . The opposite effect was reported following injection of fentanyl during light propofol or isoflurane anaesthesia in rats (Antunes et al. 2003c) . Both MF and SEF tended to increase after administration of fentanyl indicating an increase in EEG frequency content.
Electroencephalogram responses to noxious stimulation
One major application of intraoperative EEG monitoring is the identification of EEG responses evoked by surgical stimuli. These responses need to be determined before electroencephalography can be used as a valuable tool for the assessment of anaesthetic depth (Levy 1986 ).
The transition from sleep to wakefulness is characterized by an apparent breaking up of high-voltage slow-wave discharge of the cerebral cortex and replacement with lowvoltage fast-wave activity (Moruzzi & Magoun 1949) . This alteration in the EEG pattern has been called 'desynchronization' or 'arousal' which may be produced by any type of afferent stimulation that arouses the subject to alertness. The direct electrical stimulation of the brainstem reticular formation via concentric bipolar electrodes caused EEG arousal in cats. The generalized EEG response was seen best when a low intensity (1 -3 V), high frequency (up to 300 Hz) electrical stimulus was applied after light chloralose anaesthesia had induced synchronization (high-voltage fast-wave pattern) without greatly impairing neural excitability before stimulation (Moruzzi & Magoun 1949) . With deeper levels of anaesthesia, noxious stimulation failed to elicit EEG desynchronization. Cortical arousal was also reported in response to direct stimulation of the brainstem in rabbits anaesthetized with pentobarbital (Arduini & Arduini 1954), and during ether or thialbarbital anaesthesia in cats (Golovchinsky & Plehotkina 1971) . In both studies, increasing doses of the barbiturate led to a progressive impairment of the EEG arousal reaction until this response was completely abolished. Interestingly, cortical arousal could be evoked at deeper stages of ether anaesthesia than during barbiturate anaesthesia (Golovchinsky & Plehotkina 1971) .
EEG arousal similar to that reported for direct stimulation of the brainstem reticular formation could also be evoked by peripheral nerve stimulation in dogs anaesthetized either with halothane or methoxyflurane (Kuramoto et al. 1979) . Application of supramaximal electrical stimuli to both sciatic nerves elicited a clear EEG arousal response at 0.5% end-tidal halothane concentration, while the EEG response was completely suppressed at 1.4% halothane. When using power spectrum analysis in human patients, replacement of predominant high-voltage slow-wave activity (d, u) by low-voltage fast-wave activity (a, b) during arousal reaction has been indicated by a numerical increase in MF (Schwilden & Stoeckel 1980 , Stanski et al. 1987 , SEF (Stanski et al. 1987 , De Beer et al. 1996 and in the power band ratios (u/d, a/d, b/d) (Schwilden & Stoeckel 1980) . Stimuli such as laryngoscopy, orotracheal intubation (Freye et al. 1999) , skin incision (Stanski et al. 1987) or peritoneal dissection (Rö pcke et al. 2001 ) may all cause EEG arousal. Similarly, EEG arousal in anaesthetized sheep subjected to orthopaedic surgery was elicited by skin disinfection, skin incision and/or using a drill (Otto & Mally 2003) . Arousal reaction evoked by a one-minute mechanical compression (armed pé an forceps) of the interdigital skin at a hindlimb in an isoflurane-anaesthetized dog is presented in Figure 2 (CSA). Noxious stimulation during 1.9% end-tidal isoflurane concentration in oxygen resulted in a transient pronounced shift in EEG power from the d and u bands towards the a and b bands associated with an increase in SEF and MF. The response was reversed after removal of the forceps. Another transient EEG arousal response evoked during stifle surgery in a halothane-anaesthetized sheep (2.0% vaporizer setting) is presented in Figure 3 .
Unlike the classic EEG arousal reaction, EEG activation in response to noxious stimuli may be also indicated by an opposite alteration in the cortical discharge, referred to as 'synchronization', 'paradoxical arousal' or 'slowing' of the EEG. Although the usual response of the EEG to increased noxious stimulation is acceleration and desynchronization, some poorly understood physiological processes may cause the patient's EEG to synchronize (Rampil 2001) . Clinical studies in human patients revealed that this type of EEG activation is associated with a sudden shift in EEG activity from the higher to the lower frequency ranges resulting in a considerable increase in high-amplitude d-activity and a decrease in SEF (Bischoff et al. 1993 , Kochs et al. 1994 , Kiyama & Takeda 1997 , Rampil 2001 . Paradoxical arousal, that could falsely be interpreted as a deepening of anaesthesia or severe hypoxia (Bimar & Bellville 1977) , was reported primarily in isoflurane-anaesthetized patients who underwent visceral urological, abdominal or gynaecological surgeries.
EEG synchronization has also been reported before in experimental studies in cats anaesthetized with either chloralose or pentobarbital (Prince & Shanzer 1966 , Kaada et al. 1967 . Both types of EEG activation pattern, arousal or paradoxical arousal, could be elicited by high frequency electrical stimulation of the midbrain reticular formation. Kaada et al. (1967) demonstrated that identical stimuli applied to the same electrode in a fixed position might evoke either type of response, depending on the depth of anaesthesia, the stimulation frequency and the stimulation intensity (voltage). Furthermore, the authors reported on individual differences. In several cats synchronization was encountered at all stimulus intensities while in other individual cats only desynchronization could be elicited. Similar results were found in a previous study in sheep anaesthetized with isoflurane for experimental orthopaedic surgery (Otto & Mally 2003) . In this study both types of EEG activation pattern were recorded and data suggest that appearance of either response may have been affected by the depth of anaesthesia and stimulation intensity. In halothane-anaesthetized patients, skin incision evoked desynchronization in adult patients while synchronization was found to be the predominant response in infants and children (Oshima et al. 1981) . Although the causes resulting in intraoperative EEG arousal or paradoxical arousal still remain unclear, the occurrence of either response may be, at least in part, affected by depth of anaesthesia, intensity and type of stimuli, individual differences and age of the patient.
In previous studies a reduction in d and u power and a subsequent increase in MF have been suggested as specific indicators for nociception related EEG arousal reaction (Freye et al. 1999 , Murrel et al. 2003 , while an increase in power in the a frequency band was correlated with cortical reactivation resulting from reduced hypnosis (Freye et al. 1999 ). This assumption is in contrast to previous reports suggesting that both activation of the ARAS by afferent nociceptive impulses on one hand (Pichlmayr et al. 1983 , Rö pcke et al. 2001 ) and the action of opioid analgesics on the other hand (Pichlmayr et al. 1983 , Scott et al. 1985 result in unspecific EEG changes, such as an increase in frequency content and EEG slowing, respectively. These alterations in the EEG pattern reflect changes in vigilance only and therefore support the hypothesis that EEG changes can be primarily used to describe the hypnotic/sedative drug effects (Rö pcke et al. 2001 , Bruhn et al. 2003 , John & Prichep 2005 . Thus, one of the primary goals of intraoperative EEG monitoring is the maintenance of a high-voltage slow-wave EEG pattern with predominant d activity that has been obtained after induction of anaesthesia, but before the onset of surgical stimulation. Changes in the EEG pattern in response to noxious stimulation need to be avoided as any change of the functional activity of the cerebral cortex may indicate conscious perception of pain (Prior 1987) .
Relationship between changes in electroencephalogram variables and clinical signs in response to noxious stimulation
In a number of studies, a close relationship between changes in the EEG pattern and simultaneously recorded autonomic variables in response to noxious stimulation could be clearly demonstrated. EEG desynchronization or synchronization in humans and animals were associated with changes in clinical signs such as mydriasis, increases in systolic (SAP), mean arterial blood pressure (MAP) and/or heart rate (HR) during pentobarbital (Prince & Shanzer 1966) , halothane (Oshima et al. 1981 , Otto & Gerich 2001 , alfentanil/N 2 O (Stanski et al. 1987 ), isoflurane (Bischoff et al. 1993 , Otto & Mally 2003 or propofol (Inada et al. 1999) anaesthesia. For instance, EEG changes recorded in a dog (Figure 2) were accompanied by an 85% increase in MAP and a 100% increase in HR above pre-stimulation baseline values. In addition, Stanski et al. (1987) reported on increases in SEF and MF both before and during haemodynamic responses indicating a biphasic EEG response. However, when looking for simultaneous changes in EEG and haemodynamic variables, EEG arousal has been most frequently accompanied by an increase in SAP and MAP, while changes in HR may not always occur (Bischoff et al. 1993 , Inada et al. 1999 .
In contrast to these findings, a poor correlation between changes in EEG variables and clinical signs has been reported as well. Clinical studies conducted in human patients anaesthetized with isoflurane revealed no differences in the EEG pattern between subjects who made purposeful movements in response to incision and those who did not move (Dwyer et al. 1994 , Kochs et al. 1999 . This lack of correlation has been explained by the fact that anaesthetic depression of the cortical signal processing may not parallel anaesthetic depression of the afferent -efferent nociceptive reflex pathway and the autonomic nervous system at the spinal and subcortical sites. This assumption is supported by evidence from experimental studies in isofluraneanaesthetized rats that were either deeply anaesthetized (Rampil & Laster 1992) or had a removal of the entire forebrain (Rampil et al. 1993) . In both studies, movement response to noxious stimulation could be elicited despite a 'functional decortication' induced by isoflurane or after forebrain removal. Similarly, maintenance of leg withdrawal reflex despite EEG burst suppression was reported in another study where rats were anaesthetized with pentobarbital (Haberham et al. 1999) supporting the hypothesis that the brain may be more sensitive to anaesthetic effects than the spinal cord (Antognini & Carstens 1999 , Rampil 2001 .
Moreover, a poor correlation was also reported between simultaneously recorded EEG and haemodynamic variables during noxious stimulation. Marked increases in MAP and HR following both endotracheal intubation and surgical stimulation in patients anaesthetized with propofol and N 2 O were associated with an increase in SEF in only one out of six patients (White & Boyle 1989) . In isoflurane-anaesthetized pigs, various types of noxious stimuli caused a significant increase in MAP, while changes in EEG variables were not significant (Haga et al. 2001) . Again, it was concluded that autonomic haemodynamic responses may be more closely related to neurophysiological events in either the brainstem or spinal cord than to cortical events, which would more likely be reflected by changes in the EEG indices (White & Boyle 1989) .
Afferent transmission of nociceptive impulses in awake subjects evokes nociceptive responses at various levels of the CNS. These responses include movement, changes in haemodynamic (HR, arterial blood pressure) and respiratory (rate, tidal ventilation, breathing pattern) variables, changes in pupil diameter and cortical arousal (Breazile & Kitchell 1969 , Steffey 1983 . During general anaesthesia, suppression of somatosensory responses can be achieved with blood concentrations of either intravenous or inhalation anaesthetics which are too low to suppress the motor and autonomic respiratory and haemodynamic responses (Prys-Roberts 1987) . Moreover, even higher anaesthetic concentrations will be needed to suppress adrenergic responses (i.e. changes in HR, arterial blood pressure, pupil size) than for suppression of motor responses.
Therefore, movement and haemodynamic responses to surgical stimuli may still be maintained at levels of anaesthetic depth deep enough to produce pronounced cerebrocortical depression (i.e. burst suppression, isoelectricity) and therefore, deep enough to block conscious perception of pain. This 'dissociation' between cortical responses, on the one hand, and movement and cardiovascular responses to noxious stimulation, on the other hand, may be taken as support for the assumptions that general anaesthesia is the result of heterogenous actions of an anaesthetic at specific anatomical sites within the CNS (Rampil 2001) and that the brain is relatively more sensitive to anaesthetic actions than the spinal cord (Antognini & Carstens 1999) . Moreover, this situation may be similar to that reported in brain-dead organ donors who are still able to respond to surgical stimuli by haemodynamic changes (Pennerfather et al. 1993 ).
Bispectral index, approximate entropy, auditory evoked potentials and somatosensory evoked potentials
In addition to the aforementioned QEEG variables, other approaches such as bispectral index (BIS) (Mi et al. 1998) , approximate entropy (ApEn) (Sleigh & Donovan 1999) , mid-latency auditory evoked potentials (AEPs) (Antognini & Wang 1999) and somatosensory evoked potentials (SSEPs) (Schwilden et al. 2005 ) have been advocated for the monitoring of anaesthesia. BIS and ApEn are also processed indices derived from raw EEG signal analysis. While MF and SEF extract frequency information from the EEG signal (Sleigh & Donovan 1999) , BIS is composed of a combination of the time domain, frequency domain and higher-order spectral subparameters and incorporates the degree of phase-coupling between the component waves (Sigl & Chamoun 1994 , Rampil 1998 . A review of the development and use of bispectral analysis in anaesthesia has been published very recently by March and Muir (2005) . ApEn quantifies the regularity of data-time series (Pincus et al. 1991) . As with the median and SEF, contrasting reports exist on the value of information obtained from BIS. While dose-dependent changes in BIS values have been reported for increasing end-tidal concentrations of sevoflurane (Greene et al. 2002 ), isoflurane (Greene et al. 2003 or propofol (Martín-Cancho et al. 2006) , contrasting results were also reported on the association between BIS and haemodynamic variables (Driessen et al. 1999 , Kussman et al. 2001 , Nakayama et al. 2003 suggesting no obvious advantages of BIS over traditionally used EEG power spectrum variables. AEPs and SSEPs, however, may provide additional information on anaesthetic depth because EEG, AEP and SSEP might represent different aspects of the changes in electrophysiological action on the CNS produced by general anaesthesia (Schwilden et al. 2005) . Therefore, more studies comparing the different aspects of the various approaches will be needed for more detailed information.
Conclusion
During the past decades, anaesthetic and surgical techniques have evolved that make it more difficult to judge anaesthetic depth. Hence, objective measures of anaesthetic depth in addition to traditionally used clinical signs are needed in order to assure adequate depth of surgical anaesthesia. Commercially available EEG monitors provide some insight into the anaesthetic effect on individual patients and thus allow more precise anaesthetic administration.
K A Otto
Laboratory Animals (2008) 42 Numerous studies revealed that most anaesthetic agents cause similar EEG changes such as replacement of fast a and b rhythms by slow u and d rhythms during increasing depth of anaesthesia, occurrence of burstsuppression pattern during deep anaesthesia or isoelectricity at the deepest level. Although some issues still remain open including the facts that EEG monitoring can only work in the absence of factors liable to mimic overdose (e.g. hypoxia, haemodynamic instability, hypothermia) or that paradoxical arousal reactions could be falsely interpreted as a deepening of anaesthesia, EEG is the only means that allows a quantitative assessment of anaesthetics on the brain as the primary target organ during general anaesthesia.
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